High Pressure Structural Investigation on Lead-Free Piezoelectric 0.5Ba(T i 0.8 Zr 0.2 )O 3 − 0.5(Ba 0.7 Ca 0.3 )T iO 3 Abstract The solid solution 0.5Ba(T i 0.8 Zr 0.2 )O 3 − 0.5(Ba 0.7 Ca 0.3 )T iO 3 (BCZT) has become a promising member of the lead-free piezoelectric materials because of its exceptionally high piezoelectric properties. In this study, we focus on studying pressure-dependent Raman spectroscopy, powder x-ray diffraction and dielectric constant measurements on BCZT. The data show several structural transitions are present, where the system from ambient mixed phase (tetragonal, P4mm+ orthorhombic Amm2) transforms into single phase (P4mm) at 0.26 GPa, then converts into cubic phase (Pm3m) at 4.7 GPa followed by another possible structural re-ordering around 10 GPa. Although there have been a lot of unanimity with the ambient crystallographic state of BCZT, our analysis justifies the presence of an intermediate orthorhombic phase in the Morphological Phase Boundary (MPB) of BCZT phase diagram. The transformation tetragonal to cubic is indicated by the Raman mode softening, unit cell volume change and the (T i/Zr)O 6 octahedra distortion, which coincides with the well-known ferroelectric-paraelectric transition of the system. The sudden drop in the dielectric constant value at 4.7 GPa also confirms the loss of ferroelectric nature of the BCZT ceramic.
I. INTRODUCTION
During last few decades, to avoid the hazardous effects of lead (Pb), there have been ongoing efforts to replace the commercially used lead-zirconate-titanate (PZT) based piezoelectric materials with the lead-free materials having high piezo-response 1-5 . Among them, 0.5Ba(T i 0.8 Zr 0.2 )O 3 − 0.5(Ba 0.7 Ca 0.3 )T iO 3 (BCZT) has drawn significant attention because of its very high piezoelectric properties (∼ 600 pC/N) 6, 7 in comparison with that of PZT (500-600 pC/N). The main reason lies within the phase diagram of solid solution BCZT having a Morphological Phase Boundary (MPB) that includes a triple point at the intersection of paraelectric cubic, ferroelectric rhombohedral and tetragonal phases 6 . Also it is reported that the piezoelectric properties are maximized at the tetragonal-rhombohedral phase boundary 6 . But there has been an ongoing debate on the crystallographic state of the BCZT composition at ambient conditions. Studies by Keeble et al. 8 & Tian et al. 9 have proposed that there exists an intermediate orthorhombic (O) phase in between rhombohedral (R) and tetragonal (T) phases making the "polarization rotation" possible between the two crystallographic groups. Furthermore, experimental studies by Zhang et al. 10 and Acosta et al. 11 confirm that instead of the MPB (T-R phase boundary), the T-O phase boundary is responsible for the large piezo-response of the BCZT ceramics. It is also shown that a mere 2% of Zr, Sn or Hf substitution in parent BaT iO 3 can stabilize a co-existence of orthorhombic and tetragonal phases at room temperature 12 . Although presence of this orthorhombic phase is countered and also argued as an anomaly that arises due to the adaptive diffraction of tetragonal/rhombohedral nanodomains [13] [14] [15] [16] . Brajesh et al. 17, 18 has performed careful structural and dielectric studies on BCZT and concluded in favour of three-phase co-existing model (P4mm+Amm2+R3m) to explain its giant piezo-response and relaxor ferroelectric nature. But it may give rise to a scenario of violating Gibb's phase rule if the orthorhombic phase is present all the way up to the critical point of the phase diagram. The study by Yang et al. 19 explains the largest piezoelectricity as well as the largest elastic softening of BCZT at the T-O phase boundary by the systematic energy barrier (EB) calculations that measures the degree of polarization anisotropy. So, one needs careful investigation on the ambient crystallographic state of the BCZT ceramic.
BCZT is one of the most well studied systems. Microstructure basis for strong piezoelectricity in BCZT via transmission electron microscopy (TEM) is shown by Gao et al. 13 properties on pulsed laser-deposited thin films are reported by Piorra et al. 22 . Based on all these available literature, it can be concluded that the piezoelectric properties of lead-free BCZT system is comparable to the PZT. But after the Curie temperature (T c ) at 97 o C, all studies have shown a drop in the temperature dependent dielectric constant values and have concluded this to loss of ferroelectric nature of the sample following a phase transition into cubic phase. The curie temperature (T c ) has also been modified by grain size changing or even by doping.
Although there are several temperature dependent studies, to the best of our knowledge, BCZT certainly lacks the pressure dependent measurements. BCZT, which is a solid solution of BZT-BCT, hold all the properties of its parent material BaT iO 3 along with the effect of doping on it. Therefore, the present manuscript focuses on high-pressure Raman spectroscopy, x-ray diffraction and dielectric measurements of BCZT to study phase transitions, which modify its dielectric properties and piezoelectric nature.
prepared via conventional solid-state reaction method 17 . High-pressure x-ray diffraction (XRD) and Raman spectroscopic measurements are performed using diamond-anvil cell (DAC) from EasyLab Co. (UK) with a culet size of 300 µm. To hold the sample in between two opposing diamonds, a pre-indented metal gasket (indented thickness ∼50 µm) is used with a 100 µm see-through hole at the centre of indentation. Methanol-ethanol mixture (4:1)
is used as the pressure-transmitting medium (PTM) to maintain the hydrostatic condition.
For the Raman-spectroscopic measurements, Monovista CRS+ spectrometer is used along with an infinitely corrected long-working distance 20X objective. Pressure is determined by 3 observing the shift of ruby fluorescence peak with ruby grains loaded alongside the sample inside DAC 23 . Sample is excited using a 532 nm green laser and spectra are collected using a grating of 1500 grooves/mm in the back-scattering geometry with resolution of 1.2 cm −1 .
High-Pressure XRD measurements are performed at the XPRESS beamline in the Elettra Synchrotron Source, Italy using a monochromatic wavelength of 0.4957Å. For XRD, a small amount of Ag powder is mixed along with the sample and pressure is calculated using the well-known Birch-Murnaghan equation of state of Ag 24 . The incident x-ray is collimated to 30 µm and a MAR-3450 image plate detector is used to detect the diffracted x-rays, aligned normal to the beam. The sample to detector distance is calibrated using LaB 6 and all the diffracted patterns are integrated to intensity vs 2θ profiles using FIT2D software 25 and then further analyzed using CRYSFIRE 26 and GSAS 27 .
High-pressure dielectric constant measurements are carried out up to 5.5 GPa using the large-volume Toroid-anvil (TA) cell and a 300-ton hydraulic press. The TA apparatus is calibrated using Bi I-II and Yb hcp-bcc transitions at 2.65 GPa and 4 GPa respectively 28 .
The sample assembly is prepared and the frequency dependent capacitance is measured as described by Jana et al. 29 . The dielectric constant (K) is calculated using the expression, C = Kǫ 0 (A/d), where ǫ 0 is the permittivity of the free space, C is the capacitance, A is the area of the copper plate and d is the thickness of the sample pellet.
III. RESULTS AND DISCUSSIONS
BCZT can be thought as Ca and Zr doping of the parent sample BaT iO 3 , making a solid solution out of it. The sample is characterized by XRD measurements. Fig. 1(a) shows the ambient XRD pattern. Indexing of the sample at ambient condition leads to a mixed phase of tetragonal and orthorhombic crystal structures supporting earlier reports 12, 19 . Using the initial atom positions given by Brajesh et al. 17 for the two phases, full structural Rietveld refinement has been carried out using the GSAS 27 software. In this refinement process, only the atom positions corresponding to Ti/Zr atom are refined and oxygen being a lighter atom is exempted from this refinement process 18 . The lattice parameters obtained from the best-fit are -(i) for tetragonal phase: a = 3.99906(9)Å, c = 4.0208(1)Å, vol = 64.303(3) Fig. 2(d) ), which can only be fitted with the orthorhombic phase, indicate the perovskite structure to be orthorhombic in nature too. With these two phases, we have an excellent fit that certainly sets aside the question of any anomaly that may have come due to the adaptive diffraction by the P4mm-R3m nanodomains as reported by Gao et al. 14 Table 1 . We also have observed two new peaks M 1 (88 cm −1 ) and M 2 (97 cm −1 ), which could not be identified with BaT iO 3 modes.
The low frequency modes are due to vibration of heavy atoms. Therefore, these extra peaks can be related to the substitution of Ca and/or Zr ions and the defects that might have occurred due to these substitutions. Raman spectra evolution with pressure is shown in Fig. 3(b) . With pressure, the dip around 130 cm −1 reduces, and similar observation has also been found by Basu et al. 31 . The reason behind this can be the increase of anharmonic contributions of all the low frequency modes, that is evident from Fig. 3(b) . Whereas, all the modes broaden and their frequencies increase with pressure, anomalous behaviour is 
tends to gain more symmetry with applied pressure. The sharp kink at 293 cm −1 looses its sharp nature beyond 4.4 GPa. The asymmetric peak around 525 cm −1 loses its intensity with pressure and shows a second peak on its asymmetric tail (Fig 3(b) ) for pressures above 3.5 GPa. Above 4.4 GPa, the new peak tends to increase, exceeding the old one in intensity. The pressure induced modification leads to the loss of the A 1 (LO 1 ) mode beyond 4.4
GPa. Two new modes are also observed from 4.4 GPa onwards at 124 cm −1 and 632 cm −1 referred as ω 1 and ω 2 respectively (see Fig 3(b) ). In the low frequency range, appearance of new modes can be related to heavy atom (Ba/Ca) vibrations 29 333 cm −1 (ω 3 ), 809 cm −1 (ω 4 ) and 418 cm −1 (ω 5 ) from 5.9, 9.6 and 12.5 GPa pressure points respectively (see Fig 3(b) ). With pressure, the frequency of all these new modes increase up to the highest pressure point of our study. The ω 3 mode initially increases up to about 11.7
GPa followed by a sharp drop (Fig 4) . It is slightly distorted along the body diagonal which breaks the inversion symmetry allowing the Raman activity 30, 32 . However, direct structural determination is not possible using Raman spectroscopy; but it is more likely to present the instantaneous changes in atomic positions. X-ray diffraction studies are required for further understanding.
To observe a direct change in the ferroelectric properties of BCZT, we have performed high-pressure dielectric constant measurements. where one of the capacitance comes from the extrinsic effects and another corresponds to bulk intrinsic effects 36 . At high frequencies, above the peak frequency of the dielectric loss, the capacitance arising due to extrinsic effects get shorted, and intrinsic bulk behavior is observed. Therefore to study the pressure evolution of dielectric constant (see in Fig. 5(c) ),
we have considered the 100 KHz frequency i.e. a high-frequency range data. In Fig. 5(c) , we have shown the pressure dependence of dielectric constant K and dielectric loss, at frequency 100 KHz. In this frequency, at 0.35 GPa, the K value is calculated to be 61. As pressure increases, K almost remain constant up to 0.8 GPa, then rapidly rises to 96 at 4.37 GPa pressure, followed by a sharp drop at about 4.7 GPa signifies the loss of the ferroelectric nature of BCZT. Then afterward, it shows a flat nature with almost no change in value.
To understand the direct structural changes, ambient and high pressure x-ray diffraction studies are performed. While indexing the XRD patterns at 0.26 GPa, we get a better match with only tetragonal phase. The hkl-values have been assigned following Coondoo et. al 3 and the Rietveld refinement provides us a best-fit that is shown in Fig. 1(b) . If we examine the XRD patterns from 4.8 GPa onwards, then we can see that the doublet peaks (shown in Fig.6 ) in the tetragonal phase (Space Group: P4mm) merge to form a single Bragg reflection, which implies a phase transition happening in between 4.4 GPa and 4.8
GPa. Fig.6 illustrates this in detail. The indexing of the XRD data at 4.8 GPa gives a cubic structure with Pm3m space group and after Rietveld refinement (shown in Fig. 1(c) ), the best-fit gives us the value of lattice parameter, a = 3.9640(1)Å with cell volume = 62.288(3)
A 3 . We have plotted c/a ratio with pressure for tetragonal phase and shown in represented by
where V 0 is the initial volume (in ambient), B 0 is the bulk modulus, and B ′ is the first pressure derivative of bulk modulus. From the fitting (see Fig. 8 (a) and 8(b)), we get the best-fit values along with χ 2 -value of fit. The values obtained from the best-fit lines are : (a) for tetragonal phase: V 0 = 64.3(1)Å 3 , B 0 = 149(3) GPa; (b) for cubic phase: V 0 = 64.2(1)
A 3 , B 0 = 145(1) GPa. The inverse of the bulk modulus gives us the compressibility. From Fig. 8(a) and 8(b) , we can say that although there is a very little difference in the Bulk modulus values in the two phases, still the compressibility in the tetragonal phase is less compared to the Cubic phase. The slight difference in the bulk moduli between the above two phases signify that other than the effect of pressure on the lattice parameters of the system, some other factor is more responsible for this transition. From Raman Spectroscopy measurements this part can be identified to be the octahedral distortion. To understand this, using the final refinement results, a 3-D polyhedron model of BCZT has been generated for each pressure values using the VESTA software 34 . Now, we wish to understand how the (T i/Zr)O 6 octahedra is changing with pressure. The variation of polyhedral volume and the distortion index is shown in Fig. 8(c) The huge change in the polyhedral volume is clearly implying the tetragonal to cubic phase transition. Whereas in Fig. 8(d) , we observe that the distortion index is increasing very rapidly from ambient to 5.5 GPa, after that it almost reaches to a saturation, then again after 10 GPa, the distortion index starts increasing, but the rate is very low. It can be summed up that with the application of pressure, the (T i/Zr)O 6 octahedra is getting distorted very rapidly and trying to get into a more symmetric cubic structure, then after reaching there it stabilizes, for that we see the saturation. However further increase in pressure makes the system a bit unstable, that is why a slight increasing nature of the distortion index after 10 GPa is observed. This (c) The frequency position of the new peak ω 3 initially increases, followed by a large drop above about 11 GPa implying some sort of structural re-ordering. Octahedra in BCZT is shown. A huge change in octahedra volume is seen at the tetragonal to cubic transition at 4.7 GPa. The distortion index (d) gets saturated after reaching the cubic phase but beyond 10 GPa, followed by a slight variation.
